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CHAPTER I 
INTRODUCTION 
The hydration properties of hygroscopic particles 
such as sodium chloride particles are an important part of 
the field of study known as cloud physics. The term cloud 
physics refers to the study of liquid and solid substances 
dispersed in the gaseous media known as the atmosphere. 
The hydration properties of hygroscopic particles are of 
particular importance in understanding fog, haze and cloud 
formation (and in the area of weather control, 
particularly concerning artificial fog dissemination). The 
hydration properties of hygroscopic particles have also 
become important in the health field concerning the 
deposition of particles in the respiratory tract. 
Since the late 1800's it has been known that 
condensation nuclei are necessary for the formation of 
fog, haze and clouds. Twomey and McMaster (1) cite 
sea-salt particles in the atmosphere as one possible 
source of condensation nuclei. Fog, haze and clouds result 
from the condensation of water on these nuclei. The term 
fog generally refers to this condensation process occurring 
at the earth's surface whereas clouds usually form higher 
2 
in the atmosphere and are generally associated with the 
adiabatic cooling of large air masses as they ascend over 
mountains or colder air. If the air at the earth's surface 
cools below its dew point and the condensation of water on 
the existing nuclei reduces the visibility to a range of 
one kilometer or less fog is said to exist. Two common 
situations in which fog occurs are CI) when warm damp air 
moves into an area where the ground is cold and CII) when 
the ground is cooled by radiant heat loss to a clear sky 
at night. The term haze is a less precisely defined term 
and refers generally to very small solid or liquid 
particles dispersed in the atmosphere. Mie scattering from 
these small particles generally results in haze having a 
characteristic blue color. The hygroscopic nature of 
atmospheric particulates and their hydration properties 
also affect the general moisture content in the atmosphere 
with ramifications in such atmospheric phenomena as the 
green house effect. 
One of the earliest workers to consider the 
equilibrium size of droplets with dissolved or dissolving 
hygroscopic particles as a function of relative humidity 
was Koehler (2) in 1936. Koehler considered both the 
lowering of vapor pressure over the droplet due to 
dissolved solute and the increase of vapor pressure over 
the droplet due to the Kelvin effect. The Kelvin effect 
was used and accepted because of the accuracy of 
3 
predictions which were based on the Kelvin equation though 
it was not until 1951 that LaMer and Gruen (3) gave 
experimental evidence for the validity of the Kelvin 
equation. Koehler, however, used Raoult's law to predict 
the vapor pressure lowering effect of the dissolved 
solute. This limited the applicability of the Koehler 
equation to the region of high dilution and therefore high 
relative humidities. Other earlier experiments such as 
those by Dessens (4) and Howell (5) also used the Raoult's 
Law approximation for vapor pressure lowering of the 
solute. Keith and Arons (6) and Twomey (7) also addressed 
the question of the growth rate of hygroscopic particles. 
However, their studies dealt with particles which were too 
large to illustrate Kelvin curvature effects. Since 
particles with a radius of less than O.lJ-'-, known as Aitken 
nuclei, are the size range of particles of the greatest 
concentration in the atmospheric aerosols, more current 
investigations such as those by Orr, Hurd and Corbett (8) 
and Dennis (9) have dealt with particles down to this size 
range. Orr, Hurd and Corbett (8) developed theoretical 
growth curves which include both hygroscopic and 
deliquescent growth. 
In this thesis the terms deliquescent and 
hygroscopic shall be used according to the definition 
given by Covert, Charlson and Ahlquist (10): 
Deliquescent refers to the property of certain 
4 
compounds, primarily inorganic, water-soluble 
salts to form a solution when the solid compound 
is exposed to water vapor in an atmosphere having 
a partial vapor pressure greater than that of the 
saturated solution of its highest hydrate. 
Hygroscopic refers more generally to the property 
of a larger class of compounds to adsorb or absorb 
water vapor over a wide range of partial pressures 
by a variety of physical and/or chemical 
mechanisms. 
The major difference of these two classes of compounds in 
reference to growth rate observations was noted by Tang 
( 11) • 
The growth curves displayed by these two classes 
of materials are quite different in shape. While 
deliquescent salts show distinctly the onset of 
growth, a hygroscopic particle grows continuously 
and smoothly with increasing humidity 
An understanding of the hydration properties of 
hygroscopic particles is of importance not only in 
understanding the formation of fog but also in dealing 
with the visibility problems created by fog. It is known 
that maritime air masses, which contain sodium chloride 
picked up by winds blowing over bodies of salt water, have 
reduced visibility on humid days (12). Furthermore, sodium 
chloride's effect on visibility with changing relative 
humidity serves as a fairly accurate predictor of 
visibility in maritime air with changing relative humidity 
(13). Thus, an accurate understanding of the hydration 
properties of sodium chloride would increase the 
understanding of visibility problems caused by fog. An 
understanding of the properties of hygroscopic particles 
5 
at various relative humidities is also essential in the 
artificial dissipation of fog using hygroscopic particles. 
Two main methods are used for· artificial dissipation of 
fog :CI) evaporation of fog droplets by heat or (II) 
evaporation of fog droplets by hygroscopic substances 
(usually calcium chloride or ammonium nitrate crystals in 
the millimeter size range). The hygroscopic particles 
sprayed into fog are meant to absorb enough water to 
reduce the relative humidity of the air below the level at 
which condensation occurs on the nuclei which are present 
in the atmosphere thus leading to evaporation of water 
from the fog droplets to the falling hygroscopic 
particles. An understanding of dehydration hysteresis is 
also important in understanding why fog lingers even below 
the relative humidity at which it was formed. 
It is known that the health hazard of atmospheric 
particulates is directly related to their being deposited 
deep in the respiratory tract and in the lungs. According 
to Brown et.al. (14) the human respiratory tract does 
selectively eliminate particulates based on the 
particulates aerodynamic properties. Thus, the properties 
of the particulate determine the extent of lung 
penetration and the likelihood of the particulate to cause 
respiratory disease. Since the human respiratory tract is 
quite moist, hygroscopic particles can hydrate causing a 
size increase. The effect of this change in size as a 
6 
particle moves down the respiratory tract, or in other 
words the hydration properties of hygroscopic particles at 
the temperature and relative humidity of the human 
respiratory tract (in reference to lung penetration) has 
been dealt with by Held and Cooper (15). 
Thus, it can be seen that there is a fairly broad 
the hydration properties of base of interest in 
hygroscopic particles: from the effect of these 
particulates on weather conditions such as clouds, fog and 
haze and the elimination of the visibility problems caused 
by fog to the health hazards of these hygroscopic 
particles. But, in spite of the broad base of interest in 
the hydration of hygroscopic particles and the amount of 
time and effort applied to the problem, disagreement still 
exists concerning the effect of relative humidity on 
sodium chloride particles. In particular, the hydration 
curves for sodium chloride particles of various diameter 
with relative humidity as given by Cinkotai (16) do not 
agree with those given by Orr, Hurd and Corbett (8). One 
reason for the discrepancy in these curves is the failure 
of Cinkotai to consider the increased solubility of small 
soluble particles due to surface curvature effects. 
The purpose of this experimentation is to observe 
the hydration of sodium chloride crystals and derive a 
theoretical expression which predicts the growth rate of 
these crystals. Special emphasis was placed on observing 
7 
crystals in the size range where the Kelvin effect and 
increased solubility due to surface curvature effects were 
apparent: particles less than approximately O.lP. in 
diameter, though larger particles were also observed. This 
is also the particle size range which would be of 
practicle importance since the greatest concentration of 
atmospheric aerosols are Aitkin nuclei (particles with 
radii less that O.lfl- ). Sodium chloride was chosen for 
these experiments not only because it is a major component 
in maritime air particulates but also because it 
illustrates deliquescent behavior. Though several 
atmosphertc particulates are mixed salts, an understanding 
of the hydration of sodium chloride crystals can serve as 
a basis for understanding these systems. 
To attain this goal a transmission electron 
microscope fitted with an environmental cell based on the 
principles outlined by Chang and Parsons (17) was used. At 
least in reference to fog droplet size distributions a 
microscopic method is the method of choice (18). 
Furthermore, a microscopic method allows visual 
observation of the actual hydration process and since an 
electron microscope operates under vacuum the possibility 
of erroneous hydration values due to the effects of 
unwanted gases as described by Keng (19) is reduced. 
CHAPTER II 
EXPERIMENTAL 
The hydration of sodium chloride crystals took place 
in a Hitachi Hu 125 C transmission electron microscope in 
which the standard specimen holder was replaced by an 
environmental cell designed and manufactured by the Ernest 
F. Fullam Co. (Fig. 1). Sodium chloride particles were 
deposited on the environmental cell's 2.3 mm 400 mesh wet 
cell windows, henceforth known as grids, using a DeVilbiss 
nebulizer and Anderson-type cascade impactor (Fig. 2) 
according to the procedure outlined in Appendix A. To 
improve the accuracy of droplet size measurements a dilute 
solution of dow latex particles (for size calibration) 
were deposited on the grid along with the salt particles. 
The manufacturer of the latex particles states that these 
particles were 0.091;>- in diameter with a standard 
deviation of 0.0058.)A- (206 measurements). 
Once the grids were prepared, the environmental cell 
was held inverted over a pen light bulb with a reflective 
lens powered by a six volt battery (with a clamp on a 
ringstand). The cell was clamped in a position such that 
light shone up through the hole for the electron beam from 
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the gas inlet, gas outlet side of the cell. In this 
inverted position the compression spacer was facing upward 
when the collar and sleeve were removed. A new unused grid 
was placed in the top grid position, below the compression 
spacer, with the shiny side of the grid facing upward. A 
level was then used to assure that the cell and thus the 
grid were parallel to the light microscope which was used 
to align the upper and lower grids. When the environmental 
cell was adjusted to a parallel position, the compression 
spacer was inserted and the grid with salt particles on it 
was placed on the compression spacer with the shiny side 
down (shiny side facing the compression spacer). This grid 
was then adjusted so that the upper and lower grids were 
aligned. Alignment of the grids was necessary to permit 
unobstructed or deflected passage of the electron beam. 
When alignment was achieved the sleeve and collar were 
replaced. The collar was turned until finger tight to 
assure a proper seal. The environmental cell was now 
vacuum tight with the coating on the grids providing the 
seal from leakage of gas through the electron beam hole 
while the o-rings prevented leakage of gas from the cell 
itself. 
A copper-constantan thermocouple was installed in 
the outlet tube of the environmental cell to allow the 
temperature of the chamber to be read. The output voltage 
from the thermocouple was read on a Heathly voltmeter set 
12 
on the millivolt range. The thermocouple was calibrated 
against the ice point of water, the melting point of 
acetic acid and t-butyl alcohol, and water at various 
temperatures, using a thermometer calibrated to 0.02 
degrees centigrade for a temperature range of 19 to 35 
degrees centigrade. 
The gas delivery apparatus (Fig. 3) had both an oil 
and a mercury manometer. During actual operation only the 
oil manometer was in use. It was used to determine the 
approximate water vapor pressure delivered to the delivery 
piston. Convoil-20, purified hydrocarbons, was the oil 
used in the oil manometer. The density of the oil in this 
oil manometer was determined by weighing one ml. samples 
of the oil using an analytical balance and calibrated 
pipet. The density of the oil was found to be 0.8Sg/ml. 
The mercury manometer was used only to check the 
efficiency of the mechanical pump. 
During the initial stages of apparatus assembly a c. 
J. Enterprises model CJ3D variable reluctance pressure 
transducer was used. Output voltages of this guage were 
read on a Fluke voltmeter. Because of the position of the 
attachments, this guage could be used to read pressure 
drops across the environmental cell, the inlet pressure 
referenced against the the mechanical pump vacuum, or the 
outlet pressure referenced against the the mechanical pump 
vacuum. The final position was attachment of both sides of 
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the transducer to the the mechanical pump vacuum. This 
position prevented damage to the pressure gauge diaphram 
during large pressure changes in the other parts of the 
system. The pressure gauge was calibrated against an oil 
manometer prior to installation. 
Due to repeated inconsistencies in the C.J. 
Enterprises model CJ3D variable reluctance pressure 
transducer, in spite of replacement of the pressure 
diaphram and servicing of the power supply by the 
manufacturer, an MKS Instruments Inc. type 222 pressure 
transducer was used during actual data collection. This 
gauge was an absolute pressure gauge and was used to read 
the inlet water vapor pressure. The gauge was factory 
calibrated to be linear in the 0 to 100 torr range with a 
maximum voltage output of lOV at the maximum readable 
pressure of 100 torr. The linearity of the pressure gauge 
was checked using the oil manometer on the gas delivery 
system. 
The pressure of water vapor delivered to the 
environmental cell was regulated by a cylinderical piston. 
The volume of the cylinder and thus the pressure of the 
water vapor it held could be changed by an attached 
variable speed motor, or by manually cranking the piston. 
The sealed environmental cell was placed in the 
microscope column by removing the liquid nitrogen trap. 
Valve P, (Fig. 3) which opened the microscope column to 
15 
the environmental cell, was then opened and the microscope 
was pumped down. This valve must be in the open position 
while the microscope is either being pumped down or being 
brought up to atmospheric pressure to prevent a large 
pressure differential across the grid membrane with 
resultant damage to the membrane. The gas delivery system 
was pumped down by opening valve B, thus opening the gas 
delivery system to the mechanical pump. Valves O and N 
open the respective right and left arms of the oil 
manometer to the pump when valve E is open. During water 
vapor delivery, the water vapor pressure is measured by 
closing valves E, I and J with valve 0 opened while the 
system is in an evacuated state and using the right arm of 
the oil manometer as the reference side. When valve C is 
opened water vapors in holding vessel 2 enter the 
evacuated line. It is essential that valves A, K, and E or 
J are closed to prevent leakage of the water vapor into 
the environmental cell before actual water vapor delivery 
is desired. Valve B must also be closed to prevent The 
water vapor from simply being pumped away by the 
mechanical pump. With valve L opened the water vapor 
enters the delivery piston. After a short equilibration 
period with valve N open the oil manometer reads the 
pressure of water vapor in the delivery piston. Generally 
when the delivery piston was charged with water vapor in 
this manner the piston was in its most open (largest 
16 
volume) position. When the desired pressure of water vapor 
had been delivered to the delivery piston valves C, L, and 
K were closed and the gas delivery system was again 
evacuated. 
The connections between the gas handling system and 
the environmental cell were made with tygon tubing. Metal 
inserts were used in the tygon tubing at swagelock 
fittings to assure vacuum tight seals without constriction 
of the tubing. A flow valve, which could regulate the flow 
of water vapor through the environmental cell, located in 
the outlet tubing, was left in a fully open position since 
no pressure drop across the cell occured even in the full 
open position. 
The water vapor in the delivery piston was 
delivered to the environmental cell by first closing valve 
P to prevent leakage of the water vapor into the 
microscope column, opening valve A to allow the inlet gas 
to flow to the outlet and be collected in the liquid 
nitrogen trap, and then opening valve K. Since the inlet 
vapor was continually pumped away at a slow rate by the 
mechanical pump the piston must be closed at a very slow 
rate to maintain a constant pressure and at a slightly 
faster rate to increase the water vapor pressure delivered 
to the salt particles in the environmental cell. The 
delivery piston does have a variable speed motor drive but 
it was found that better control was attainable by 
17 
manually cranking the piston. Cranking counter clockwise 
opened (increased the volume of) the piston and cranking 
clockwise closed (decreased the volume of) the piston. It 
can be shown that the change in water vapor pressure in 
the delivery piston is related to the change in the length 
of the cylindrical delivery piston (as altered by turning 
the crank as described above) in a geometric fashion: 
Assuming an ideal gas lawa 
PV=nRT 
V= '1 r21 
P( 7f r21)=nRT 
nR~ P- 1i'r 1 
dP=-~1r dl 
P=H20 vapor pressure 
V=volume of the delivery 
piston which is cylindrical 
in shape 
n=number of moles of H20 vapor 
R=Gas Law constant 
!=temperature (assumed 
constant) 
l=lenght of the cylinder 
r=radius of the cylinder 
One further consideration in the gas delivery 
process is that if the temperature inside the 
environmental cell chamber is higher than the temperature 
inside the delivery piston gas may not be delivered to the 
cell. This is a result of the fact that at higher 
18 
temperatures the gas has a higher pressure and the water 
vapor will not flow to a region of higher pressure. If 
enough pressure is applied to the water vapor in the 
piston the water vapor will simply condense in the 
cylinder. This situation can occur if the salt particles 
have been exposed to the electron beam for an extended 
period of time. 
The salt particles in the environmental cell can be 
observed on the electrohome video system attached to the 
electron microscope. The image on the electrohome video 
receiver was also recorded on video tape as a record of 
the hydration for subsequent droplet size measurements. 
The video screen was split so that the digital readout 
from the thermocouple, a timer, and the digital readout 
from the pressure transducer voltmeter were recorded 
across the top to the video screen. The data was obtained 
from diameter measurements off the electrohome video 
screen upon replay of the video tape. The time resolution 
of the video tape was one frame every sixtieth of a 
second. The tape was manually turned from frame to frame 
to obtain droplet diameters every sixtieth of a second. 
CHAPTER III 
THEORY 
THERMODYNAMICS 
Using the previously described apparatus, the 
electron microscope and salt particles were evacuated to 
-4 ·S 
the operating pressure of 10 to 10 torr. Thus, it is 
reasonable to assume that substances adsorbed to the 
surface of the sodium chloride crystal had been removed. 
This, however, leaves unsatisfied molecular forces in the 
surface layers of the sodium chloride crystal. Thus, when 
water vapor is introduced, physical adsorbtion of the 
water takes place to satisfy molecular forces associated 
with the surface layers of the crystal. Therefore, the 
first physical changes in these supposedly pure sodium 
chloride crystals occurs at those relative humidities 
below that required for hydration. the adsorbtion isotherm 
may be described by using the Brunauer, Emmett, Teller 
(20) equation for the adsorption of gases in 
multimolecular layers: 
V VmCP 
= (P0 -P)(l+(C-l)(P/P0 )) 
20 
Vm=volume of adsorbed gas required to cover the entire 
adsorbing surface with a unimolecular film 
V=volwne of gas adsorbed at pressure P 
P0 =vapor pressure of the adsorbing gas at the 
experimental temperature T 
C=a constant given by C= 8 1 b2 e(E1-EL)/RT bt ai 
where ai, a2, bt, and b2 are constants 
E1=heat of_ adsorption of gas in the first layer 
EL=heat of liquifaction of the gas 
R=the gas constant 
T=the absolute temperature (°K) 
This was the approach taken by Orr, Hurd and Corbett (8) 
who used a sodium chloride surface energy value of 276 
o;. 
ergs/cnf; a value of 10.8 A for the surface area covered by 
a single water molecule and the approximations that the 
quantity E,-E~Cthe energy of addition of the first layer 
of adsorbed water minus the energy of water vapor 
liquifaction) is equal to the surface energy of sodium 
chloride and that the constants a,,a~,b,,and b~ were such 
that a,b~/b,a~ is approximately unity and thus 
(a, - 'i. ._)IR.' C=e • Carrying out the calculation for the energy 
in calories per mole of water molecules represented by the 
sodium chloride surface energy of 276 erg/cm~ and then 
evaluating c, a value of approximately 1392 is obtained 
for C at 298.17 degrees Kelvin. Though this seems to be a 
reasonable value for C, two approximations were made to 
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obtain this value. Thus, since empirical data was 
available for the absorption of water vapor on sodium 
chloride crystals at 2s° C (21) it was decided to use the 
empirical data when description of the adsorption isotherm 
or when precise initial condition calculations were 
desired. At water vapor pressures below hydration pressure 
the sodium chloride crystals may be thought of as cubic 
crystals with one or more layers, depending upon the water 
vapor pressure, of water adsorbed to its surface. 
According to Barraclough and Hall (21), "It has been noted 
that after the absorption of the first two water layers on 
NaCl, the system behaved as if a saturated solution of 
NaCl were present." Thus, after the adsorption of the 
first two water layers the adsorbed water acts as a 
solvent and dissolves the sodium chloride crystal to some 
extent. The amount of sodium chloride which dissolves to 
make a saturated solution of the adsorbed water generally 
causes a negligible change in the length of the salt cube 
for large salt particles but may be significant for 
extremely small salt particles. 
As the vapor pressure approaches the pressure of 
hydration the salt cube becomes a crystalline cube with 
saturated sodium chloride solution adsorbed to it. The 
water vapor pressure above the salt cube is then the vapor 
pressure of a saturated sodium chloride solution. This 
vapor pressure of bulk NaCl with more than two layers of 
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water adsorbed is given by Pl=aCPO) where Pl=the water 
vapor pressure above the saturated salt solution, a=the 
activity of water in a saturated salt solution and PO=the 
vapor pressure of pure water at the experimental 
temperature. At an ambient vapor pressure greater than Pl, 
hydration occurs. Since the salt cube is sitting on the 
grid surface the water added to the salt cube forms a 
spherical cap around the cube rather than a droplet as 
would be formed if the salt particle was not sitting on a 
surface. Spherical cap formation and growth is thus 
indicative of hydration. Two other factors, however, 
influence the vapor presssure above the sodium chloride 
crystal: CI) The vapor pressure of films with very great 
curvature is increased according to the Kelvin equation 
and (II) Small particles are more soluable than large 
particles (again the result of Kelvin effects) (22) or, in 
other words, small particles are in equilibrium with 
higher concentrations of solution than are larger 
particles. This results in a vapor pressure lowering over 
very small particles according to Raoult's Law. 
The vapor pressure increase due to surface curvature 
of the film is given by the Kelvin equation: 
p 2t1L 
ln (pn)= Rrer 
P=vapor pressure over the curved surface of radius r 
pO=vapor pressure of a solution of infinite extent 
M=molecular weight of the solvent 
~=surface tension of the solution 
e=solution density 
r=droplet radius 
R=gas constant 
T=absolute temperature 
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This thermodynamic relationship between surf ace curvature 
and molar free energy may be derived from the combined 
statement of the first and second laws of thermodynamics, 
the Gibbs free energy, the Young and Laplace equation and 
the ideal gas law. The combined statement of the first and 
second laws of thermodynamics is dE=TdS-PdV-dw' where ~~ 
E=internal energy; T=absolute temperature; S=entropy; 
P=external pressure; V=volume and dw~~all work other than 
pressure-volume work. But G=H-TS where G=Gibbs free energy 
and H=enthalpy as defined by the alternative statement of 
the first law of thermodynamics H=E+P'V where P'=pressure 
of the system. Using Euler's Theorum these expressions may 
be quickly differentiated: dG=dH-TdS-SdT and 
dH=dE+PdV+VdP. Therefore, dG-dE=PdV+vdP-TdS-SdT or using 
the combined first and second laws of thermodynamics 
dG=VdP-SdT-d~!_v. Since in this case there is no provision 
for the system to do any work except pressure-volume work 
dw.'=0 
rcN and dG=VdP-SdT. Furthermore, 
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if isothermal 
conditions are applied dG=VdP or upon integraton 6G=SvaP. 
This integrated equation applies to reversible changes in 
pressure under conditions such that dw=O and T=constant. 
These are precisely the conditions which exist when 
discussing the equilibrium vapor pressure over a curved 
surface since at equilibrium the molar free energy of the 
condensed phase must be the same as that of the vapor 
phase to satisfy the free energy criterion for 
equilibrium. If this equilibrium criterion is not met 
spontaneous evaporation or condensation occurs. 
Considering the molar volume V to be constant and using 
the Young and Laplace equation which gives the pressure 
difference across a curved surface (fundamental equation 
of capillarity): ~P=~((l/Rl)+(l/R2)) where ~=the surface 
tension and Rl and R2 are the radii of curvature, which 
are equal for a sphere, the equation 6G=1V((l/Rl)+(l/R2)) 
results. Or, for a spherical surface of radius r, 
AG=2~V/r. Now, assuming the gas to be ideal and relating 
the free energy to vapor pressure, since ~G=SVdP and 
V=RT/P dG=(RT/P)dP=RTd(lnP) and G=RTln CP/P0 ) 
:. RTln CP/P) =2"'V/r since V=M/e this equation may also be 
written in the form above: ln(P/Pl=2M"i/RTer. According to 
Adamson (22), "For water, PIP' is about 1.001 if r is 
-i.J -s -lo 10 cm, 1.011 if r is 10 cm, and 1.114 if r is 10 cm." 
Thus, Kelvin curvature effects are apparent only in 
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droplets with diameters of O.lf'-or less. 
The Kelvin equation also applies to crystals. Though 
crystals are polyhedrons in which the faces may have 
different surface tensions, according to the Wulff theorem 
for an equilibrium crystal i;/r; is a constant where ~ is 
' 
the surf ace tension of face i and r· is the radius of the 
' 
circle inscribed in face i (22). Thus, for a crystal 
lnCa/a0 )=2~M/RTer where a=activity of solute in a solution 
produced with particles of radius r ; a =activity of the 
solute in a solution produced with particles at infinite 
extent or sufficiently large radius for l/r to be 
negligible; ~=surface tension of the solute; M=molecular 
weight of the solute; R=gas constant; T=absolute 
temperature; e=density of the solute and r=the radius of 
the inscribed sphere. Since solubility is used to measure 
activity this equation states that small crystals should 
have a higher solubility than large crystals in a given 
solvent. Or, in other words, small particles are in 
equilibrium with higher concentrations of solution than 
are large particles. As mentioned previously, this results 
in vapor pressure lowering according to Raoult's Law. It 
was found that the Kelvin solubitity effect was 1% for a 
0.61JJ-particle, 5% for a 0.12P. particle and 10% for a 
0.06.P- particle. Thus, particles of 0.1.))-or less would be 
expected to show significant Kelvin solubility effects. 
Thus, the vapor pressure increase due to droplet 
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curvature for drops having a small radius and the vapor 
pressure lowering which results from increased solubility 
of small particles have opposing effects on hydration. 
Figure 4 is a graphic illustration of the divergent effect 
of Kelvin vapor pressure increase and solute vapor 
pressure lowering as given by Friedlander (23). 
A graphic illustration of the NaCl hydration process 
for various particle sizes and at pressures below 100% 
relative humidity is given by Orr, Hurd and Corbett CB>, 
see Figure s. Segment A of these curves represents 
particle growth due to adsorption. Segment B represents 
the rapid droplet formation and growth characteristic of 
deliquescent particles at hydration pressure. At any 
relative humidity above the water vapor pressure of the 
saturated solution surrounding the particle, water adds to 
the film diluting the film and causing further salt 
dissolution. This in turn reduces the particle size and 
lowers the vapor pressure as described above causing 
further water addition. This process, represented by 
segment B, continues until the salt ia totally dissolved. 
Once the salt is totally dissolved only the solvent effect 
on vapor pressure CRaoult's Law effects) of the solution, 
which is continuously diluted by condensing water, needs 
to be considered. This portion of the hydration process is 
described by curve C. Segment D of this curve illustrates 
the well known hysteresis: recrystalization does not occur 
LN ..L Ot-----.j~----------
1\. tO 
P =Nor.nal vaocr pressure so .. 
of tZ':e li~uid 
P=Vapor pressure eve= a 
curved surf ace 
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dp=diameter of t~e droplec 
Figure 4. Equilibrium vapor pressure curves 
for droplets composed of solvent alone 
(Kelvin relation) and of a solvent with a 
fixed mass of non-volatile solute (23) 
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at the same relative humidity as hydration. As the ambient 
relative humidity is decreased, curve C is followed. Below 
the point where line B intersects curve CD the solution is 
supersaturated and follows curve D. No method of 
predicting the relative humidity at which this 
supersaturated solution spontaneously recrystalizes is 
known. Furthermore, these hydration curves for various 
particle sizes illustrate that small particles would be 
expected to hydrate at a vapor pressure below that at 
which bulk particles will hydrate, as would be expected 
from the fact that they are in equilibrium with higher 
concentrations (resulting in greater vapor pressure 
lowering) of solution due to their increased solubility. 
Due to the higher solubility, or alternatively, the 
higher activity of small particles as given by the Kelvin 
equation for crystals, recrystalization to one large 
crystal rather than several small crystals would be 
expected.· In fact, however, this is not always what was 
observed. These experiments illustrated that kinetic 
effects may dominate the thermodynamic considerations 
during recrystalization with resultant crystal shattering. 
The phenomena of crystal shattering will be discussed 
later in this thesis in regard to kinetic considerations. 
KINETICS 
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Since the video recorder was able to record one 
image every sixtieth of a second and particle diameters 
could be measured from the video screen, the change in 
droplet diameter with time could be found. A computer 
model of the kinetics of sodium chloride hydration was 
derived. 
The initial dissolving rate of a soluble material at 
any given temperature is expected to be proportional to 
its surface area. This relationship was illustrated for 
sodium chloride by G. w. Gleeson (24). Gleeson proposed 
that a thin layer of saturated solution was immediately 
adjacent to the solid surface and that a concentration 
gradient existed out to a concentration equal to the 
concentration of the bulk solution. Furthermore, it is the 
diffusion rate of solute across this concentration 
gradient as well as a surface reaction which controls the 
dissolving rate of the soluable solid. Gleeson states, 
According to the Berthoud-Valeton Theory, the 
rate of solution of a crystalline substance 
depends upon rate of diffusion and a first order 
surf ace reaction. This fact can be most simply 
expressed as, 
dW/de=KSCC -C9 ) 
where W is the weight of undissolved solute 
e is the time 
S is the surface area of the undissolved 
solute 
C5 is the concentration of solute in 
solution at saturation 
C8 is the concentration of solute in solution 
at time o 
K is a constant 
In obtaining experimental data for the dissolving 
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rate of sodium chloride Gleeson mixed the solution 
surrounding the salt cube. Due to this mechanical mixing a 
uniform concentration of solution surrounded the saturated 
solution layer adjacent to the salt cube. Though 
mechanical mixing does not take place in the experimental 
work for this thesis, it is shown in the derivation of the 
kinetic model that the liquid phase diffusion rate is 
rapid and thus the saline concentration surrounding the 
saturated liquid layer adjacent to the salt cube is 
homogenous. Using Fick's first law and a random walk 
calculation the diffusion coefficient D may be defined: 
D=x~/2t where x=the distance through which the particle 
diffuses in time t. Or, alternatively t=x~/2D. Using 1.2 
g/cm' for a saturated solution density, 0.36 g/cnr for the 
solubility of sodium chloride and extrapolated data from 
M. w. Kellogg Co. (25) a value of D=4xl0~ cm~/sec was 
obtained for the diffusion coefficient of sodium chloride 
0 
through a saturated solution of sodium chloride at 25 C. 
Using that value of D it was calculated that it requires 
-3 
approximately l.25xl0 seconds for the salt to diffuse one 
micron. Mixing is also aided by the temperature gradient 
which normally exists in the solution. During hydration 
which results in the salt dissolving, there is cooling at 
the salt surface due to the endothermic process of salt 
solution and warming at the droplet surface due to the 
exothermic process of condensation. Likewise, during 
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dehydration and salt recrystalization warming due to 
exothermic recrystalization occurs at the salt surface and 
cooling due to endothermic evaporation occurs at the 
droplet surf ace. In both cases a temperature gradient and 
resultant thermal mixing occur. Thus, the rate constant 
and rate equation described by Gleeson were used to 
describe the salt dissolution process in the experimental 
work for this thesis. 
To experimentally determine the rate constant for 
this process Gleeson used the relationship that for 
geometrical solids the surface area is proportional to the 
weight raised to the 2/3 power: 
W=Ve 
W=l3 e. 
Wo/J= (t.~1--
~ = e..%/6 ( 61~) 
Ji= ( e."316) s 
S=6/~(W~) 
S=surf ace area 
W=weight 
V=volume 
!=length 
6l~=surface area of a cube 
e=density of sodium chloride 
Thus, the proportionality constant is 6/~. Using this 
relationship dW/dt=K'wic~-C) where t=time and 
C=C9 =concentration of solute in solution at time t. And, 
using Gleeson's experimental data, K1was determined to be 
0.462 cJ/min-~ For the purposes of this thesis, however, 
it was desired to know the change in the number of moles 
of sodium chloride rather than the weight of sodium 
chloride with time: 
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W=Clmoles)(MW) MW=molecular weight of NaCl 
dW=MWCdmoles) c5=the concentration of solute 
CMW)dmoles/dt=K W CCs-C> in solution at saturation 
But w~~=ce%/6)S C=Ce=the concentration of solute 
(MW)dmoles/dt=K ce%/6) CCs-C>S in solution at time t 
o/~ 
dmoles/dt= KC1/MW><V6> CC$-C)S 
~ 60..H· 
Let K / (~\,./6) =K2 
~ ~ K2=C0.462 cm3/min-giClmin/60sec)(l/6) (2.163 g/c~) 
-~ K2=2.14xl0 cm/sec 
Thus, dmoles salt/dt=K2*S2/M2CC,..-C> where t=time, 
K2=rate constant in cm/sec S2=the surface area of the salt 
cube in cm~ , M2=mass of sodium chloride, ~saturated salt 
concentration in g/c.J, and C=concentration of salt at 
time t in g/ crcr • 
Now that an expression for the flux of salt was 
worked out, an expression for the flux of water, that is 
the change in the number of moles of water adding to the 
droplet per unit time, was needed. Just as the dissolution 
of the salt may be surface or diffusion controlled, the 
droplet growth rate may also be surface or diffusion 
controlled. Whether evaporation is surface or diffusion 
controlled is dependent upon droplet size and the pressure 
gradient. Consideration of the diffusion of water 
vapor to the droplet is somewhat more complicated than the 
salt diffusion through the liquid droplet since one 
equation can not be used to describe all types of gas 
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phase diffusion. When discussing diffusion properties, 
particles are generally classified by their Knudsen 
number. Knudsen number, Kn, is defined as l/d where l=the 
mean free path of the gas or the mean distance traveled by 
a molecule between successive collisions (may be 
calculated from the kinetic theory of gases), and d=the 
diameter of the drop. Three classes of gas phase diffusion 
exist: CI> when l/d>>l or Kn>>l (II) when l/d<<l or Kn<<l 
and (III) when Kn~l. 
The class of gas phase diffusion when l/d>>l or 
kn>>l is known as the free molecular range or the Knudsen 
regime. In picturing a water molecule or small group of 
water molecules traveling through the water vapor toward 
the saline droplet, it is obvious that when the diameter 
of the droplet is much smaller than the mean free path, 
l/d or Kn>>l, any molecules bouncing from the surface of 
the saline droplet would be unlikely to collide with the 
entering water molecules until far from the droplet 
surface. Thus, most of the water molecules striking the 
droplet are essentially unaffected by the presence of the 
sphere. Therefore, molecular collision theory can be used 
to describe the flux of water in the free molecular range. 
When the droplet diameter is much greater than the 
mean free path of the diffusing particle, l/d or Kn<<l, 
molecules striking the surface are strongly affected by 
those leaving and other surrounding molecules. Under these 
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conditions the particles display diffusive behavior and 
the Maxwell equation may be used to describe the 
diffusion. The Maxwell equation is derived from Fick's 
first and second laws of diffusion (26) • If the droplet is 
small or if the pressure gradient between the vapor 
pressure at the droplet surface and the ambient pressure 
is great the rate at which molecules can leave the surface 
of the drop may be much slower than the diffusion rate 
from the surface as predicted by Maxwell's equation. 
Thus, collision theory may be used to predict the 
flux of water at a drop's surface and the Maxwell equation 
may be used to predict the flux of water to the drop's 
surface but neither is satisfactory for the transition 
range where l/d or Kn~l. To deal with this intermediate 
area Fuchs defined a distance A which is approximately 
equal to the mean free path. The Fuchs equation is a 
semiempirical equation. Table I provides a review of the 
three classes of gas phase diffusion. 
From Table I it can be seen that the Knudsen and 
Maxwell equations differ only by an ~/2 and Kn or l/d 
factor. Furthermore, if the limits of the Fuchs equation 
are looked at in the limit where Kn>>l the equation 
reduces to l/Kn or dd/dt=f (d) and in the limit where Kn<<l 
the equation reduces to simply the Maxwell equation as it 
must to describe the intermediate region of gas kinetics. 
In this thesis the collision equation was used in 
TABLE I 
GAS PHASE KINETICS EQUATIONS 
FOR SPHERICAL PARTICLES (DROPLETS) 
Kn=l/d 
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Kn>>l Free Molecular(Knudsen) small particle-low P 
FluxCicollisions/cm~-sec>=Cl/4)nc~ 
dd/~t= Co<c/2) cvm> <An> aa/~b'f ca> 
Kn<<l Diffusive(Maxwell) large particle-high P 
O=dc/~t= CD/r.,, > d/~ r Cr~ ~c/ ar >=DCC 2/r >~c/ar+ ;);J_c/ar;...> 
~d/at=C-2D/d)CVm)C~n>=cVmAnKn dd/~ t=f ( l/d) 
...> Kn=l Semiempir ical Equation (Fuchs A) 
Free Molecular 
~d/~t= Qd/~t) Diffusive/ ( l+Kn ( 2 .666Kn+l. 42) I ( l+Kn)) 
dd/~t=f (Kn/d) 
~=mean free path of molecules in the gas pgase 
d=diameter of the drop 
Table I continued 
P=pressure 
n=vapor concentration(i of molecules/cc) 
c=mean velocity of molecules 
~=accommodation coefficient 
Vm=molecular volume(cc/molecules) 
c=vapor concentration(g/cc) 
D=diffusion coefficient of the vapor 
t=time 
r=radius of the drop 
~=Fuchs free molecular distance 
Kn=Knudsen number 
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the development of the theoretical model. The collision 
equation or gas kinetic method of calculating the flux of 
water was used because it is applicable for small 
particles and low pressures and includes surface effects 
on the flux of water through the surface area term in the 
collision equation. In fact, the accommodation coefficent 
is also dependent on the droplet size as described by Zung 
(27). The Maxwell equation was not used because it is 
applicable only to large particles and considers only the 
diffusion and not the surface effect on the flux of water. 
The Fuchs equation would have been a more complete 
expression for the water flux but it is a semiempirical 
equation. A more complete discussion of the surface versus 
diffusion effects on the evaporation of droplets is given 
by Joseph T. zung (27). Therefore, in this thesis it was 
assumed that the gas phase was not diffusion limited 
(assume Knudsen deposition on the droplet). It was also 
assumed that equilibrium between the liquid surface and 
the gas phase in terms of vapor pressure lowering is rapid 
and is described by Pl=CAl)PO where Pl=water vapor 
pressure above the droplet, Al=activity of water in the 
droplet, and PO=pressure of pure water vapor at the 
experimental temperature. Under these conditions, the 
number of collisions of water molecules per square 
centimeter of droplet surface per second is given by the 
standard collision equation: #collisions/sec-cnf =0.25~nc 
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where n=the concentration of water molecules and 
c=relative speed c=4JKT/2~m where K=Boltzman's 
-~ 
constant=l.38066xl0 J/K T=absolute temperature and m=mass 
of a water molecule, ~=accommodation coefficient. Thus, 
#collisions/sec= 0.25~ncSl where Sl=the surface area of 
the droplet. If the concentration of water molecules n is 
expressed in moles/cm' then imoles of water/sec=0.25o(ncSl. 
The concentration of water molecules, n, is given by P-Pl 
where P=the ambient water vapor pressure in moles/cm3 and 
Pl=the water vapor pressure above the droplet expressed in 
moles/cm3 • Thus the flux of water may be expressed: 
flux =dmoles H~O/dt=0.25cCP-AlCPO))Sl~ 
Now that expressions for both the flux of water and 
the flux of salt were derived, the expressions can be 
numerically integrated and the diameter of the droplet, 
the length of the salt cube and the flux rates at a given 
time can be calculated. Kelvin considerations for vapor 
pressure increase due to curvature and increased salt 
solubility due to curvature were also considered in the 
numerical integration. For more complete details 
concerning the computer program, written in basic, which 
was used to perform the numerical integration on the 
Honeywell computer see appendix B. 
The kinetic expressions mentioned above are 
applicable until the salt is completely dissolved. At that 
point, F2=0 and the flux of water with its resultant 
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dilution of the solution (and thus reduction of vapor 
pressure lowering due to lower solute concentration) is 
the process which controls the kinetics of the hydration. 
Numerical integration of Fl and the proper calculations 
Cas described in appendix B ) again yield the rate of 
change of droplet diameter with time and the diameter of 
the droplet at any given time. 
Activity data w~r~ necessary for dilute through 
supersaturated sodium chloride solutions. However, only 
literature values for the activity of water in sodium 
chloride solutions up to saturation could be found. It is 
also known that the activity of water is zero when the 
mole fraction of salt in solution is one. Thus, a cubic 
spline method was used to fit a curve which predicted 
water activity as a function of the mole fraction of salt 
in the supersaturated region. Using this method, a cubic 
equation was first fit to the available activity data, the 
activity of water in sodium chloride solution up to a mole 
fraction of 0.0975. It is also known that when the mole 
fraction of salt in solution is one the water activity is 
zero and the slope of the cubic fit for the activity data 
for supersaturated solutions must be zero at the point 
where the mole fraction of salt equals one. Thus, the 
cubic equation whhich fits the supersaturated part of the 
curve:a+bCX2)+ccx2f +dCX2T =Al where X2=mole fraction of 
salt in solution and Al=activity of water, has the form 
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a+b+c+d=O when X2=1 and a slope of b+2c+3d=O when X2=1. 
There must also be no inconsistancy where the cubic 
expression for the supersaturated activities meets the 
cubic equation which was already fit to the activity data 
for solutions which are less than saturated. Thus, the 
cubic equation for supersaturated solution water 
activities must have the same solution and slope as the 
most concentrated point in the cubic equation for water 
activities of less than saturated solutions. For this 
particular data those equations are: (solution) 
a+9.75E-2b+9.5062E-3c+9.268E-4d=0.76 and (slope) 
b+0.195c+2.85186E-2d=-3.33 Thus, these four equations may 
be solved simultaneously <using matricies) for the four 
coefficients of the equation which will fit the water 
activity versus mole fraction in the supersaturated 
region. The resultant equation for the activity of water 
for supersaturated sodium chloride solutions is: 
Al=l.3-4.28l*X2+5.17ll*Xf-2.021*xi. Various theories 
may be used to predict the activity coefficients of 
electrolytes. The simplest of these theories is the 
Debye-Huckel theory. The Debye-Huckel theory, however, 
considers only coulombic attractions and repulsions and 
thus is a limiting law at low concentrations. The activity 
coefficient of an electrolyte is very concentration 
dependent and theories to predict activity coefficients in 
the saturated and supersaturated regions must consider 
other intermolucular 
complicated equations 
was thus decided to 
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forces resulting in far more 
than the Debye-Huckel equation. It 
carry out the integration using 
experimental data and the resultant equations obtained by 
fitting the experimental data for less than saturated 
solutions and using the cubic spline methhod of predicting 
activity data in the supersaturated region. 
The computer model and discussion of kinetics thus 
far have dealt with the kinetics of sodium chloride 
hydration. Upon lowering water vapor pressure and 
resultant dehydration the same kinetics should be 
applicable down to the pressure at which hydration began. 
However, as previously discussed there is hysteresis in 
recrystalization. During these experiments one of two 
things was observed upon dehydration: (I) the salt 
particle recrystalized within 0.1 seconds to a central 
crystal (some residue was also observed around the cryatal 
probably due to surface nucleation) or (II) the particle 
shattered. 
The recrystalization of sodium chloride upon 
dehydration was generally observed only with larger salt 
crystals. It is reasonable, therefore, that the salt cube 
had not totally dissolved during hydration. Thus, during 
dehydration the sodium chloride in solution recrystalized 
on to the remaining •seed• crystal. On the other hand, 
those crystals which shattered were generally smaller and 
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therefore probably were totally dissolved during 
hydration. 
Henri Dessens noted rare occurrences of crystal 
shattering or explosions back in 1949 (4). Detection of, 
or evidence for, crystal shattering was later illustrated 
by Twomey and Mc Master Cl); Dinger, Howell and 
Wojciechowski (28) and Radke and Hegg (29) though Lodge 
and Baer (30) and Blanchard and Spencer (31) detected no 
crystal shattering during their experiments. However, the 
shattering or 
crystalization 
explosion of sodium crystals upon 
is not unreasonable. Using data from 
+ Adamson (32) it was found that the reaction Na +Cl ---> 
NaCl is exothermic with aH~ct'i = -4.14 KJ/mole. As mentioned 
earlier in cases where explosions occur it is assumed that 
there is no seed crystal. Since hysteresis of 
recrystalization occurs, the droplet solution 
concentration is supersaturated prior to crystalization. 
Thus, when cryatallization is initiated it proceeds 
spontaneously and probably very rapidly. Though a large 
amount of heat is not given off, the reaction is 
exothermic and if the reaction proceeds rapidly enough and 
the heat is not removed rapidly enough the temperature of 
the solution goes up causing the rate of evaporation to 
increase thus increasing the salt concentration and 
driving the recrystalization thus generating more heat and 
so on until thermal explosion results. This type of 
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behavior is possible for all those cryatalline substances 
like NaCl that have positive heats of solution. 
Another possible explanation for crystal shattering 
is evaporative cooling. If the evaporation of water with 
resultant evaporative cooling rather than heat generation 
by recrystalization was the dominant effect, crystal 
freezing and shattering may result. Samuel Glasstone (33) 
calculated the latent heat of vaporization: 
H~OCl>--->H~O(g, 1 atm.> ~H~q~=l0.52Kcal/mole=44.04KJ/mole. 
Thus, the theoretical model of hydration/evaporation 
proposed in this thesis and the predicted rate of salt 
recrystalization and evaporation can help elucidate which 
of the two proposed mechanisms of crystal shattering is 
the most probable. 
CHAPTER IV 
RESULTS AND DISCUSSION 
Two major objectives existed in the analysis of 
sodium chloride hydration data: first, data obtained by 
Antony Clarke (34) in a manner similar to the procedure 
described in this thesis were analyzed relative to their 
kinetic rates, and second, data were obtained using very 
small pressure gradients in an attempt to determine 
whether thermodynamic or kinetic effects were dominant in 
the initiation of hydration 
Three sets of data obtained by Antony Clarke (34) 
were analyzed. These data are tabulated in Tables II, III, 
and IV and presented graphically in Figures 6, 7, and 8 
respectively. In Figure 6 hydration was proceeding until 
almost 4 seconds, then the pressure was suddenly rapidly 
reduced. At approxomately 4.5 seconds the pressure was 
rapidly increased. Thus, the area of Figure 6 between 4 
and 5 seconds represents the results of a large pressure 
gradient. The data tabulated in Tables III and IV 
represent 
consequent 
hydration 
hydrations with no pressure 
dehydration. The pressures 
were not accurately measured. 
reduction or 
used during 
However, for 
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'·" I 1.33 I." 2 
2.31 
2.'6 
3 
3.33 
3.H 
3.83 
4 
4. 16 
4.Jl 
4.5 
'·" 5 5.33 
5.5 
5.66 
' '·' 
'·" 7 
DIA. 
,.. .. 
TABLE II 
EXPERIME~IAL DATA(34) 
11 •2 •3 p4 ,, 
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t.? 
'·' ••• 
1.8 1.44 
1.71 
'·" 
1.88 1.86 1.46 
1.17 1.76 1.97 •• ,7 
'·'' '·" 
1.985 1.18 1.15 1.58 
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Ft1ure 6. Graphic representation of data 
ln Table II ( 34). 
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DIA. 
"'" 
2 
1 
TABLE III 
EXPERIMENTAL DATA (34) 
u .. c •l 
aec 
I 
8.33 
8.6& 
l 
l. t& 
l.33 
l. 5 
t.66 
l.83 
2 
2. 16 
2.33 
2.66 
3 
3.33 
3.66 
4 
4.33 
4.66 
5 
5.33 
6.66 
7,33 
8.66 
9.33 
18.66 
p2 p3 •4 pS 
1.22\J e.J,'u e.e&\l I ll 
1.23 1.425 8.87 • 8.25 8.585 a.ea • 8.0 8.82 l.l • 
•• 715 8.895 8.l • 8.69 8.895 1.l I 
8.715 8.93 1.1 1.H 
8.725 8.94 8.13 a.ea 
8.725 8.93 8. ll 1.89 
8.74 8.96 8.14 8.l 
8.78 8.975 a.ts 1.12 
8.765 8.98 8.15 I. l3 
8.765 l.925 8.15 8.t6 
8.775 l.835 e. tt 
'·" 8.895 l 8.15 1. ll 8.675 l.ees t.15 a.es 
8.775 l I. ts a.es 
8.815 l.83 8.18 a.t4 
a.ea t.t a. ta 8.15 
8.995 l.lSS .. " 8.14 8.915 t.175 e. t9 a.ta 
8.94 1.2 8.23 8.24 
8.95 t.195 9.2 8.17 
8.96 l. 21 8.23 1.1, 
8.93 l.185 8.18 8.18 
8.96~ 1.195 e.2 8.23 
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8.19 
1.21 
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18 12 
Figure z. Graphic representation of data 
in Table III (34). 
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l 
TABLE IV 
EXPERIMENTAL DATA (34) 
u... pl 
aec 
'·" 1.n 2 
2.'6 
3 
J.33 
3.'6 
4 
4.33 
4.66 
5.33 
' 6.66 7.33 
8 
8.66 
9.33 
18 
18.66 
11.33 
14.6' 
16.66 
17.33 
18.66 
28 
28.'6 
p2 
-1 
x ic .. 
1.21 1.24 
8.2& 8,3Z 
8.28 8.37 
8.31 8.38 
8.34 1.4 
8.38 8.4C8 
8.39 8.46 
e.43 e.s 
8.41 8. 54 
8.42 8.58 
8.47 8.6 
8.43 8.59 
8.42 8.57 
8.49 8.61 
8.5 8.68 
8.54 8.69 
8.56 8.67 
8.S4 8.69 
8.52 8.67 
8.51 8.67 
8.52 '·" a.s e.69 
8.45 8.68 
e. s1 a. 1 
a.s2 e.69 
e.~4 e.79 
8 .__ ...... __ .......... __ ........... __ ......... __ .._ ____ __ 
a 2 4 ' a ia 12 t 4 16 1 a 20 
TIME HC 
Figure 8. Graphic representation of data 
in Table IV (34). 
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particles which grew to a maximum equilibrium size, the 
pressure of hydration could be calculated. Since the final 
droplet diameter was measured, the final droplet volume 
was known. Thermodynamics require the salt cube to totally 
dissolve and thus the final concentration of salt in the 
droplet was calculated. Using activity versus 
concentration data, the activity of the sodium chloride 
solution and thus the equilibrium pressure were determined 
(see Appendix B). Thus, only the accommodation coefficient 
remained unknown. This author was unable to find a 
literature value for the accommodation coefficient. zung 
(27), however, comments on the nature of the accommodation 
coefficient: 
••• the variation of the condensation and 
evaporation coefficient ~ with the radius has been 
suggested by Frisch (35), and can be shown by 
experimental measurements of the rate of 
evaporation of small droplets ranging from 10.P-to 
0.01.P- in radius under vacuum. The fact that no 
experiment of this nature has been done probably 
lies in the diffuculties involved in both the 
determination of the size of such a small droplet 
and the production of droplets in vacuum. 
It was decided to use a single particle and determine an 
accommodation coefficient value which optimized the fit. 
Particle 3 listed in Table II was used. The portion of the 
curve after 5 seconds was fit using the computer 
simulation and an accommodation coefficient of 0.003. The 
computer program simulates the hydration curve from the 
diameter at which the spherical cap had just formed 
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through the final diameter. This simulated hydration curve 
from the diameter of the spherical cap to the final 
diameter is the center solid line in Figure 9. It can be 
seen that an accommodation coefficient of 0.003 yields a 
very good fit to the experimental data. The top solid line 
and the bottom solid line in Figure 9 represent simulated 
curves with the salt dissolution rate constant multiplied 
and divided by 2 respectively. It can be seen that 
altering the salt dissolution rate constant does have an 
effect on the rate and shape of the simulated hydration 
curve. This simply illustrates that the hydration rate is 
sensitive to both the salt and the water fluxes. 
Since an accommodation coefficient of 0.003 gave 
very good fit of the simulated hydration curve for 
particle 3 after 5 seconds, it was used to simulate the 
other curves in Figure 6. Particle 1 after 5 seconds grew 
out of view and thus the hydration pressure could not be 
calculated from this particle. However, since particles 1 
and 3 were subjected to the same hydration pressure the 
hydration pressure calculated from particle 3, H=89.96, 
was used to simulate the growth curve for particle 1. The 
simulated curves for the particles in Figure 6 are shown 
in Figure 10. Since the initial hydration, hydration 
previous to 4 seconds, occurs at a different hydration 
pressure than the second hydration, hydration after 5 
seconds, the final diameters of particles 2, 3, and 5 were 
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~ 
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Computer _si~ulated hydration curve 
~=0.003 H=39.96 2xK2 
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~=0.003 H=89.96 ~xK2 
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Figure 9. Computer simulated hydration 
curves for particle #3 Table II after 
5 seconds. 
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Figure 10. Computer simulated hydration 
curves for the particles in Figure 6. 
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used to calculate the hydration pressure. Since the final 
volume of the droplet, and thus D cubed, was used in this 
calculation, variation in the measurement of D caused even 
larger variations in the calculated hydration pressure. 
Since all particles were subjected to the same hydration 
pressure an average value was used. Thus, to model the 
hydration curves from spherical cap to maximum size for 
particles 1, 2, 3 and 5 in Figure 6, an accommodation 
coefficient of 0.003 and H=80 were used. The simulated 
growth curves are shown on Figure 10. Close agreement is 
found for particles 1, 2 and 3. Variation between the 
simulated hydration curve for particle S, the smallest 
particle with L0=0.33P-, and the experimental hydration 
curve may be due to the particle size dependence of the 
accommodation coefficient. 
Similar calculations were performed for the data in 
Tables III and IV. Computer simulated hydration curves for 
the particles in Table III, Figure 7, using an 
accommodation coefficient of 0.003 and H=88.0 are shown 
in Figure 11. Once again the simulated rate for particle 
3, the smallest particle, was too fast. This may indicate 
that the accommodation coefficient is dependent on 
particle size with smaller particles having smaller 
accommodation coefficients. The simulated hydration curve 
for particle 2 gives an appropriate rate but predicts that 
the droplet will grow to a larger final diameter than was 
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experimentally observed. The experimentally measured final 
droplet diameter indicates that hydration pressure was 
less than 88.0% relative humidity. The simulated hydration 
curve for particle 1 shows a very good fit to the 
experimental data. The particles in Table IV, Figure 8 
were simulated using H=79.5 and an accommodation 
-4 
coefficient of l.5xl0 (Figure 1). Once again, the 
computer simulated hydration curves show a very good fit 
to the experimental data. 
The above analysis of sodium chloride hydration data 
suggested that smaller accommodation coefficients are 
appropriate for small particles, thus it was decided to 
obtain hydration data using very small pressure gradients 
in an attempt to determine if thermodynamic or kinetic 
effects were dominant in the initiation of hydration. 
Since very small pressure gradients were used, the growth 
rates of the droplets were much slower and no attempt was 
made to allow the droplet to grow to a final diameter. An 
effort was made simply to observe if small particles 
hydrated before, after or at the same time as larger 
particles. Thermodynamic effects, the Kelvin solubility 
equation, predicts that small particles should hydrate 
first since they are in equilibrium with a higher salt 
concentration producing greater vapor pressure lowering. 
However, the experimental data which was kinetically 
analyzed using the computer simulated hydration curves 
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Figure 12. Computer simulated hydration 
curves for the particles in Figure 8. 
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indicate that the accommodation coefficient is indeed 
dependent upon particle size and that small particles have 
smaller accommodation coefficients. If the accommodation 
coefficient were sufficiently small, growth of the droplet 
would be extremly slow and a negligible growth would occur 
in the droplet even at hydration pressure. A perceptible 
growth in the droplet would not occur until sufficient 
time had passed for the droplet to grow to a point where 
the accommodation coefficient was larger and the rate of 
hydration was thus increased. 
The Kelvin solubility and size dependence of the 
accommodation coefficient have opposing effects on the 
observable initiation of hydration for small particles. In 
a more quantitative analysis Zung (27) states, " ••• one 
sees that the Gibbs-Thompson correction for small droplets 
remains negligible except for droplets having a radius 
-1 less than 10 cm." Four trials were run to observe the 
onset of hydration relative to particle size. Hydration 
and dehydration data obtained during these 4 trials are 
tabulated in Tables v through X and graphically 
represented in Figures 13 through 18. In trial 1 (Table v, 
Figure 13), particle 2, with a length of 0.234J> ,was 
observed to hydrate first. Particles both smaller and 
larger than particle 2 hydrated subsequent to particle 2. 
In Trial 2 (Table VI, Figure 14), the largest particle, 
particle 1 with L=l.034~, was observed to hydrate first. 
TIME #1 
0.016 0.134 
0.333 0.139 
0.666 0.179 
1.000 0.179 
1.333 0.194 
1.666 0.199 
2.000 0.199 
2.333 0.199 
TABLE V 
EXPERIMENTAL DAIA•TRIAL 1 
112 113 114 115 
0.234 0.25 0.199 0.314 
0.284 0.25 0.209 0.309 
0.419 0.25 0.214 0.309 
0.419 0.309 0.214 0.309 
0.444 0.329 0.224 0.309 
0.449 0.329 0.224 0.324 
0.449 0.329 0.224 0.324 
0.449 0.329 0.229 0.324 
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#6 
0.339 
0.339 
0.334 
0.364 
0.394 
0.394 
0.394 
0.394 
TABLE VI 
EXPERIMENTAL DATA-TRIAL 2 
TIME flt 12 113 14 
o. 016 1.034 0.839 0.314 0.364 
0.166 1.029 0.839 0.319 0.364 
0.333 1.039 0.844 0.324 0.364 
0.500 1.039 0.834 0.339 0.364 
0.666 1. 049 0.839 0.339 0.375 
0.833 1.074 0.844 0.339 0.384 
1.000 1. 219 0.849 0.339 0.389 
1.166 1. 294 0.854 0.354 0.389 
1.333 1.494 0.864 0.375 0.389 
1.500 1.694 0.864 0.389 0.389 
1.666 1.699 0.889 0.394 0.389 
1.833 1.764 0.954 0.399 0.389 
2.000 1.799 1. 079 0.399 0.389 
2 .166 1.819 1.094 0.399 0.389 
2.333 1.854 1. 094 0.399 0.389 
2.500 1.875 1.094 0.399 0.389 
2.666 1.875 1. 094 0.399 0.389 
2.833 1.875 1.094 0.399 0.389 
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TABLE VII 
EXPERIMENTAL DATA 
TRIAL 2 DEHYDRATION 
TIME 11 12 
0.016 1.875 1. 094 
0.033 1.774 0.889 
0.049 1.599 o. 734 
0.066 1.004 0.614 
0.083 0.974 0.614 
0.099 0.974 0.614 
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TIME 
0.016 
0.333 
0.666 
1.000 
1.333 
1.666 
2.000 
2.333 
2.666 
3.000 
3.333 
3.666 
4.000 
4.333 
4.666 
5.000 
5.333 
5.666 
6.000 
6.333 
6.666 
7.000 
7.333 
7.666 
8.000 
TABLE VIII 
EXPERIMENTAL DATA-TRIAL 3 
11 12 113 #4 
0.159 0.364 o. 319 0.164 
0.154 0.375 o. 319 0.164 
0.159 0.364 o. 319 0.159 
0.154 0.369 o. 319 0.224 
0.164 0.404 o. 319 0.229 
0.174 0.424 0.319 0.224 
0.169 0.424 0.334 0.224 
0.179 0.449 0.334 0.234 
0.184 0.449 0.349 0.234 
0.184 0.449 0.354 0.250 
0.184 0.449 0.354 0.244 
0.184 0.449 0.354 0.244 
0.184 0.449 0.354 0.244 
0.184 0.449 0.354 0.244 
0.184 0.449 0.354 0.244 
0.184 0.454 0.354 0.244 
0.184 0.454 0.354 0.244 
0.184 0.454 0.354 0.244 
0.184 0.454 0.354 0.244 
0.184 0.454 0.354 0.250 
0.199 0.514 0.384 0.250 
0.199 0.514 0.384 0.250 
0.199 0.524 0.384 0.259 
0.199 0.534 0.384 0.274 
0.199 0.539 0.389 0.274 
61 
15 16 #7 
0.250 0.384 0.234 
0.250 0.384 o. 334 
0.250 0.389 0.384 
0.279 0.389 0.389 
0.289 0.409 0.419 
0.284 0.404 0.434 
0.284 0.399 0.434 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.299 0.424 0.444 
0.314 0.424 0.444 
o. 319 0.434 0.444 
o. 319 0.434 0.444 
o. 319 0.429 0.444 
0.319 0.429 0.444 
0.314 0.429 0.444 
TABLE IX 
EXPERIMENTAL DATA 
TRIAL 3 DEHYDRATION 
TIME 11 /}2 #3 
0.016 0.549 0.314 0.434 
0.333 0.524 0.314 0.424 
0.666 0.459 0.319 0.419 
1.000 0.434 0.289 0.424 
1.333 0.399 0.279 0.404 
1.666 0.389 0.284 0.379 
2.000 0.369 0.284 0.384 
2.333 0.369 0.264 0.384 
2.666 0.369 0.254 0.384 
3.000 0.369 0.250 0.384 
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TABLE X 
EXPERIMENTAL DATA-TRIAL 4 
TIME #1 12 #3 #4 
0.016 0.524 0.089 0.604 . 0.189 
0.166 0.524 0.089 0.604 0.184 
0.333 0.524 0.119 0.604 0.184 
0.500 0.594 0.144 0.609 0.189 
0.666 0.609 0.144 0.604 0.184 
0.833 0.609 0.149 0.604 0.184 
1.000 0.604 0.169 0.604 0.184 
1.166 0.614 0.169 0.604 0.184 
1.333 0.609 0.169 0.604 0.184 
1.500 0.664 0.174 0.604 0.184 
1.666 0.709 0.179 0.609 0.189 
1.833 0.724 0.229 0.625 0.189 
2.000 0.724 0.229 0.639 0.189 
2.166 0.729 0.274 0.684 0.224 
2.333 0.739 0.324 0.699 0.250 
2.500 o. 734 0.324 0.699 0.250 
2.666 o. 739 0.319 0.699 0.319 
2.833 o. 734 0.324 0.699 0.339 
3.000 o. 734 0.324 0.699 0.339 
3.166 0.734 0.324 0.699 0.339 
3.333 0.734 0.324 0.699 0.339 
63 
{ 
el 
t;j 
~ 
.... 
0 
64 
0.5 
l l l l 
l l 
0.4 • • • • 
• 
• • A • • 
0.3 • • • • • l 
& A 
• + + 
+ 
+ • + 0.2 • • • • 
• • 
• 
0.1 
o.._ ____ .._ ____ _,_ ____ ~ ____ _.,,. ____ __, 
0 0.5 I I.& 2 2.6 
TIME sec. 
Figure 13. Graphic representation of data 
in Table V. 
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Figure 14. Graphic representation of data 
in Table VI. 
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Figure 15. Graphic representation of data 
in Table VII. 
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Figure 16. Graphic representation of data 
in Table VIII. 
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Figure 17. Graphic representation of data 
in Table IX. 
68 
{ 
f5 
~ 
~ 
t-4 
Q 
I 
0.8 
0.1 
• • • • • • • • • • 0.7 • & & a a a a a a 
• a a 
0.8 • • I I I • I I a a 
• • o.s 
0.4 
l l ' ' ' ' ' 0.3 l j ' • • • 0.2 
. . I I I l l l & l • • 
0.1 l ' 
0 
0 o.s I 1.5 2 2.5 s.s 
TIME sec. 
Figure 18. Graphic representation of data 
in Table X. 
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Dehydration measurements on particles 1 and 2 (Table VII, 
Figure 15), show no significant difference in the onset of 
dehydration. In trial 3 (Table VIII, Figure 16), onset of 
hydration was nearly simultaneous for all particles except 
patrticle 3 which hydrated somewhat later than the other 
particles. Once again, particles both larger and smaller 
than particle 3 were observed. Dehydration measurements on 
particles 2, 5 and 6 (Table IX, Figure 17), illustrate 
that the largest particle, particl~ 2, D=0.549µ., 
dehydrated before the smaller particles. Trial 4 (Table X, 
Figure 18) , once again gave no consistent pattern for 
particle size versus onset of hydration. These 
inconsistencies may be explained by the presence of 
artifact or contamination of the sodium chloride. However, 
as Figures 7 and 14 clearly show, the hydration rate of 
smaller particles is slower. This is consistent with the 
prediction that the accommodation coefficient is in fact 
surf ace dependent and that small particles have smaller 
accommodation coefficients. Furthermore, the fact that 
small particles were not observed to consistantly hydrate 
before larger particles is also in agreement with Zung's 
(27) prediction that the Kelvin effects are neglible for 
droplets larger than 0.001~. Thus, though the Kelvin 
solulility considerations alone predict small particles 
will hydrate first, this was not observed to happen. 
CHAPTER V 
CONCLUSIONS 
Correlation of the experimental data with the 
computer simulated hydration curves indicates that the 
theoretical model proposed in this thesis may be used to 
reasonably predict sodium chloride hydration rates. 
However, more complete information on dehydrataion 
conditions leading to crystal shattering is needed to 
accurately predict the thermodynamic explanation for such 
shattering since, as has been noted, the Kelvin solubility 
effect and surface dependence of the accommodation 
coefficient have opposing effects. The experimental data 
presented also give insight into the thermodynamic versus 
kinetic effects of particle size on hydration. These data 
are in qualitative agreement with the kinetic versus 
thermodynamic predictions of Zung (27). No other 
experimental data testing this prediction could be found. 
Changes in the experimental apparatus would improve 
the accuracy of experimental data. One such change would 
be modification of the environmental cell design to 
optimize image resolution. Accurate pressure measurements 
during hydration would also be of value. 
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Though improvements can and should be made in the 
gathering of quantitative experimental results, the work 
presented in this thesis has illustrated that the 
theoretical model as written is a useful 
predicting sodium chloride hydration curves. 
tool in 
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APPENDIX A 
SALT IMPACTION 
The 2.3 mm 400 mesh electron microscope grids or wet 
cell windows on which the salt particles were deposited 
can be purchased from Ernest F. Fullam Inc. In the 
manufacture of these wet cell windows formvar is first 
applied over the copper mesh, then collodian 
(nitrocellulose) then SiO (35). Thus, the salt particles 
rest on a surface of SiO. This three layer film exists on 
the shiny side of the grid only. Six of these grids (with 
the shiny side up) are placed in the darkened holes in the 
Anderson-type cascade impactor electron microscope grid 
holder <numbers 10-12 of Fig.l9). The remaining stages of 
the impactor are then put in place making sure the 
alignment mark on stage 10 is aligned with the handle of 
stage 12. The wing nut on the top of the impactor is then 
tightened to secure the stages. 
The deVilbiss nebulizer must then be charged and 
prepared for operation. A 0.0425% by weight solution of AR 
grade NaCl in deionized water Cpurif ied by a Barnstead 
nanopure system) was used to charge the deVilbiss 
nebulizer. The solution was introduced through the tygon 
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tubing bleed line and was allowed to flow into the bulb of 
the nebulizer(see Fig. 2). 
A modification of a technique described by Larry 
Ternus <37) which he found to generate particles from 
0.005P. to 6.50.#- was used for deposition of salt particles 
onto the 2.3 mm 400 mesh wet cell windows. 
Impaction technique: 
1. The impactor was assembled in the following manner from 
bottom to top using the numbers of the pieces as shown in 
Fig. l9 : 2, 12, 11, six new grids which are to have salt 
deposited on them (placed in the darkened holes in piece 
11), 2, 10, 2, 9, 2, 4, 2, 8, 2, 7, 2, 6, 2, 4, 2, 5, 2, 
4, 2, 3, 2, 1, wing nut <which is tightened to finger 
tight to secure the pieces. The holes in the handles of 
pieces 4, 7 and 12 were securely plugged with teflon 
stoppers. A hot air blower was used to preheat the 
modified Anderson cascade impactor to approximately 50 
degrees centigrade to attain dessication of the aerosol 
droplets generated by the deVilbiss nebulizer prior to 
impaction. This procedure also significantly reduces 
amorphous crystals (34). 
2. Using a water displacement method the flow rate of the 
dry nitrogen carrier gas was adjusted to 4000 ml/min. 
3. Pinch clamp A on the nebulizer was opened. With pinch 
clamp B closed and the valve closed, the nebulizer was 
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connected to the dry nitrogen carrier gas. 
4. With the bleed line opened (pinch clamp B opened) the 
valve on the nebulizer was opened and the bypass clamp was 
shut. The system was allowed to flush out for several 
seconds and then connected to the handle of piece 1 of the 
impactor. 
s. The bleed line was closed for three seconds, and then 
opened for three seconds. This pulsing was done three 
times to provide a nine second impaction time. 
6. The grids were rotated approximately one degree and 
steps two through four were repeated. Rotating the grids 
improves particle location on the grid-a deposition in the 
center of the grid is required. 
7. The grids were observed under a light microscope to 
assure a central deposition of salt particles (though only 
the larger particles could be seen). 
8. The above procedure was repeated using a diluted 
solution of Dow latex particles. According to the 
manufacturer these particles were 0.0917,.u. in diameter with 
a standard deviation of 0.0058.fL (206 measurements). These 
particles were used for size calibration. 
9. If the grids looked suitable they were stored in a 
dessicator until they were needed. 
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10. The impactor was taken apart and rinsed several times 
with tap water and then at least three to five times with 
distilled or purified water. 
APPENDIX B 
COMPUTER MODEL 
This program (Table XI) was written in basic for use 
on a Honeywell computer. The following is the list of 
symbols which were used in the development of this 
program: 
Fl=flux of water in moles/sec 
F2=flux of sodium chloride in moles/sec 
M2=molecular weight of sodium chloride, M2=58.45g/mole 
(39) 
Ml=molecular weight of water, Ml=lB.0152 g/mole (39) 
K2=rate constant for the flux of sodium chloride, 
K2=2.14xl03cm/sec 
D=diameter of the droplet 
Sl=surface area of the droplet, Sl=0.68CPI>rf (34) 
L=length of the salt cube of any time T 
LO=original length of salt cube, prior to any hydration. 
S2=available surface area of the cubic sodium chloride 
crystal. Since one face of the cube sits on the grid 
and is therefore assumed to be unavailable for water 
~ 
molecule collision S2=5xL. 
0 C3=solubility of bulk sodium chloride at 25 c, 
TABLE XI 
COMPUTER PROGRAM FOR INTEGRATION OF SODIUM CHLORIDE 
HYDRATION EQUATIONS WITH KELVIN CONSIDERATIONS 
1000 REM INTEGRATION FOR A REAL SOLUTION WITH KELVIN 
1001 REM CONSIDERATIONS 
1010 REM INITIAL CONDITIONS 
1020 L0=0.5 
1030 LO=L0/10000 
1040 D=l.37 
1050 D=D/10000 
1060 REM CONSTANTS OR INITIAL CALCULATIONS 
1070 REM SUBSCRIPT 1 REFERS TO WATER 
1080 REM SUBSCRIPT 2 REFERS TO SODIUM CHLORIDE 
1090 C3=0.3179 
1091 A7=.003 
1100 PO=l.2772E-6 
1110 F=0.758 
1120 R=8.32E+7 
1130 G2=276 
1140 M2=58.45 
1150 R2=2.163 
1160 Rl=0.99707 
1170 Ml=l8.0152 
1180 K2=0.0021452144 
1190 T=O 
1200 REM CALCULATION OF INITIAL CONCENTRATION X2 
1210 V3=3.14159265359*F*DA3/6 
1220 C=LOA3*R2/V3 
1230 R3=1.0003+0.6994l*C-0.26766*CA2+0.24368*CA3 
1240 X2=CC*Ml/R3)/(M2+C*Ml/R3-C*M2/R3) 
1241 REM CALCULATION OF AMBIENT PRESSURE P 
1242 REM MAY BE USED FOR HYDRATION ONLY 
1250 Al=l.13-4.28l*X2+5.17ll*X2A2-2.02l*X2A3 
1260 IF X2>0.097 THEN 1280 
1270 Al=0.99936-l.70695*X2-6.50298*X2A2-12.35286*X2A3 
1280 P=Al*PO 
1285 P=P*EXPC4*E*Ml/D/R3/R/Tl) 
1290 H=P/PO*lOO 
1291 REM CALCULATION OF SPHERICAL CAP DIAMETER 
1300 D=l.5*LO 
1310 Vl=3.14159265359*F*DA3/6 
1320 F7=Rl*M2/9/R2/Ml 
1330 L=((L0A3-Vl*F7)/(1-F7))A(l/3) 
1370 M=2.9934E-23 
84 
Table XI continued 
1380 Tl=298.17 
1390 K=l.38054E-l6 
1400 Cl=4*CK*Tl/2/3.14159265359/M)A0.5 
1410 X2=0.l 
1420 Xl=l-X2 
1430 R3=1.0002+2.2657*X2-2.4946*X2A2+1.3917*X2A3 
1440 C=M2*R3*X2/CMl*Xl+M2*X2) 
1450 Nl=(R3-C)/M1*(3.14159265359*F/6*DA3-LA3) 
1460 N2=C/M2*(3.14159265359*F/6*DA3-LA3) 
1470 Al=l.13-4.28l*X2+5.17l*X2A2-2.02l*X2A3 
1480 IF X2>0.097 THEN 1500 
1490 Al=0.99936-l.70695*X2-6.50298*X2A2-12.35286*X2A3 
1500 Pl=Al*PO 
1520 PRINT T,D*lOOOO,L*lOOOO,C2 
1530 PRINT 
1540 REM NUMERICAL INTEGRATION 
1550 T3=8.0E-5 
1560 U=O 
1570 FOR T=T3 TO 100 STEP T3 
1580 REM KELVIN SOLUBILITY EFFECT ON C2 
1590 C2=C3*EXPC2*G2*M2/R2/R/Tl/2/C0.5*L)) 
1600 REM KELVIN CURVATURE EFFECT OF Pl 
1610 Al=l.13-4.28l*X2+5.17l*X2A2-2.02l*X2A3 
1620 IF X2>0.0975 THEN 1640 
1630 Al=0.99936-l.70695*X2-6.50298*X2A2-12.35286*X2A3 
1640 Pl=Al*PO 
1650 Sl=0.68*3.14159265359*DA2 
1660 S2=5*LA2 
1670 E=73+203*X2 
1680 Pl=Pl*EXPC4*E*Ml/D/R3/R/Tl) 
1690 Fl=A7*0.25*Cl*Sl*CP-Pl) 
1700 V=Fl*Ml*2/Rl/F/DA2/3.14159265359 
1710 F2=K2*S2/M2*CC2-C) 
1720 Nl=Nl+Fl*T3 
1730 N2=N2+F2*T3 
1740 X2=N2/(Nl+N2) 
1750 Xl=l-X2 
1760 R3=1.0002+2.2657*X2-2.4946*X2A2+1.3917*X2A3 
1770 C=M2*R3*X2/(Ml*Xl+M2*X2) 
1780 Z=LA3-F2*T3*M2/R2 
1790 IF Z<=O THEN 1900 
1800 L=(LA3-F2*T3*M2/R2)A(l/3) 
1810 D=D+V*T3 
1820 U=U+l 
1830 IF U<lOOO THEN 1890 
1840 PRINT T,D*lOOOO,L*lOOOO,V*lOOOO 
1880 U=O 
1890 NEXT T 
1900 L=O 
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Table XI continued 
1910 N2=LOA3*R2/M2 
1920 FOR T=T TO 4 STEP T3 
1930 Sl=0.68*3.14159265359*DA2 
1940 Xl=Nl/(Nl+N2) 
1950 X2=1-Xl 
1960 Al=l.13-4.28l*X2+5.17l*X2A2-2.021*X2A3 
1970 IF X2>0.0975 THEN 1990 
1980 Al=0.99936-1.70695*X2-6.50298*X2A2-12.35286*X2A3 
1990 Pl=Al*PO 
2000 Pl=Pl*EXPC4*E*Ml/D/R3/R/Tl) 
2010 Fl=A7*Cl*0.25*CP-Pl)*Sl 
2020 Nl=Nl+Fl*T3 
2030 V=Fl*M1*2/Rl/F/DA2/3.14159265359 
2040 D=D+V*T3 
2050 IF D<=LO THEN 2130 
2060 U=U+l 
2070 IF U<lOOO THEN 2120 
2080 PRINT T,D*lOOOO,L*lOOOO,V*lOOOO 
2110 U=O 
2120 NEXT T 
2130 END 
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C3=0.3179 g/cnr (calculated from the vapor 
pressure of a saturated sodium chloride 
solution (38)) 
C=concentration of sodium chloride in solution at any 
given time T 
Cl=C=relative speed of the water molecule 
Cl=C=4JKCT1)/2PI M 
-I~ 
K=Boltzman's constant K=l.38054xl0 ergiK 
Tl=absolute temperature in°K 
-a 
M=mass of a single water molecule, M=2.9934xl0 g 
Al=activity of water: for less than saturated 
concentrations a curve was fit to Robinson 
and Stokes (38) activity data: 
Al=0.99936-l.70695*X2-6.50298*X2A2-12.35286*X2A3 
for supersaturated sodium chloride solutions the 
cubic spline fit (Chapter III) was used: 
Al=l.13-4.28l*X2+5.17ll*X2A2-2.02l*X2A3 
Xl=mole fraction of water 
X2=mole fraction of sodium chloride 
PO=pressure of pure water vapor at the experimental 
temperature Tl 
P=ambient vapor pressure, P=CH/100)P0 
H=percent relative humidity 
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Pl=water vapor pressure above the droplet, Pl=CAl)PO 
R3=density of the solution. The values for R3 at any given 
mole fraction of NaCl in solution were found by fitting 
a polynomial to the plot of International Critical 
Tables (40) values for dinsity. The resultant 
equations are-Density vs. mole fraction 
R3=1.0002+2.2657*X2-2.4946*X2A2+1.3917*X2A3 
Density vs. concentration 
R3+1.0003+0.6994l*C-0.26766*CA2+0.24368*CA3 
F=a factor used in calculating the droplet volume to 
account for the fact that the droplet sits on the 
surface of a grid F=0.758 (34) 
1 R=gas constant R=8.32xl0 erg/K-mole 
G2=surface energy of sodium chloride G2=276 ergs/cm~(9) 
R2=density of sodium chloride R2=2.163 g/cm3 (39) 
Rl=density of water at 25°C Rl=0.99707 g/cm3 (39) 
T3=step size for the numerical integration 
E=surface energy in units of dynes/cm~ 
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The values for E at any given mole fraction of NaCl in 
solution were found by fitting a line to the plot 
of Adamson's (23) values for E versus X2. In this 
manner the relationship E=73+203*X2 was obtained. 
V=the change in droplet diameter with time 
Nl=number of moles of water in solution at any time T 
N2=number of moles of NaCl in solution at any tine T 
T=time 
C2=concentration of a saturated sodium chloride 
solution after Kelvin considerations 
As described in the text of this thesis, the flux of 
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salt in moles per second was determined to be 
F2=Cl/M2)CK2)(S2)(C2-C). Likewise, the flux of water in 
moles per second was determined to be 
Fl=0.25*A7*Cl*Sl*CP-Pl). Both the salt and the water 
fluxes are defined relative to the salt solution: salt or 
water leaving the salt solution is defined as a negative 
flux. These simultaneous differential equations describe 
the kinetics of the sodium chloride hydration. Since an 
analytical solution of these simultaneous differential 
equations could not be found by simple analytical 
tehniques this program (Table XI) was written for 
numerical integration of these equations. 
Thus, given the initial conditions of length of the 
salt cube in microns, and final diameter of the droplet in 
microns, the equations can be numerically integrated to 
determine the fluxes of salt and water. The constants and 
initial calculations used in the integration are listed in 
lines 1000 through 1530 of the program and were defined 
previously in this appendix. Since the diameter of the 
droplet at some time T is the experimentally measured 
parameter , not the flux of water in moles per second the 
following calculation was made: Since Fl=dC#moles of 
water)/dT 
(Fl)(Ml)(Jl )s ~ However, V= ~ Frf 
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Therefore, ~-Fl (m-) (7tjDJ'.) and 
D=D+ ~ {dT). Thus, the diameter of the 
droplet at.a given time Tis determined. 
Two modifications in this program are the inclusion 
of the Kelvin solubility effect and the inclusion of the 
Kelvin curvature effect. These effects act as an 
additional driving force for the hydration or dehydration 
process. Line 1590 calculates the new equilibrium 
saturated concentration, C2, considering the Kelvin 
solubitity effect. This directly affects the flux of salt 
through the concentration gradient term, C2-C, in the flux 
equation. Likewise, lines 1610 through 1680 calculate the 
new equilibrium pressure over the droplet, Pl, considering 
the Kelvin curvature effect. This in turn directly affects 
the flux of water through the pressure gradient term, 
P-Pl, in the flux equation. 
Once the salt cube has totally dissolved only the 
flux of water changes the diameter of the droplet. 
Addition of water to the droplet now causes dilution and 
reduced vapor pressure lowering due to the lower solute 
concentration. The equation for the flux of water is 
integrated and the new droplet diameter calculated as 
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previously described. Lines 1900 through 2130 describe the 
kinetics of hydration when the salt cube is completely 
dissolved. 
